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ABSTRACT 14 
In the framework of the Life+ InSiTrate project, a pilot-plant was established to 15 
demonstrate the viability of inducing in-situ heterotrophic denitrification to remediate 16 
nitrate (NO3-)-polluted groundwater. Two injection wells supplied acetic acid by pulses to 17 
an alluvial aquifer for 22 months. The monitoring was performed by regular sampling at 18 
three piezometers and two wells located downstream. In the present work, the pilot-plant 19 
monitoring samples were used to test the usefulness of the isotopic tools to evaluate the 20 
efficiency of the treatment. The laboratory microcosm experiments determined an 21 
isotopic fractionation (ε) for N-NO3- of -12.6 ‰ and for O-NO3- of -13.3 ‰. These 22 
ε15NNO3/N2 and ε18ONO3/N2 values were modelled by using a Rayleigh distillation equation 23 
to estimate the percentage of the induced denitrification at the pilot-plant while avoiding 24 
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a possible interference from dilution due to non-polluted water inputs. In some of the field 25 
samples, the induced NO3- reduction was higher than 50 % with respect to the 26 
background concentration. The field samples showed a reduced slope between δ18O-27 
NO3- and δ15N-NO3- (0.7) compared to the laboratory experiments (1.1). This finding was 28 
attributed to the reoxidation of NO2- to NO3- during the treatment. The NO3- isotopic 29 
characterization also permitted the recognition of a mixture between the denitrified and 30 
partially or non-denitrified groundwater in one of the sampling points. Therefore, the 31 
isotopic tools demonstrated usefulness in assessing the implementation of the field-scale 32 
induced denitrification strategy. 33 
Keywords: denitrification, electron donor, groundwater, isotopic fractionation, pilot-plant, 34 
remediation 35 
1. Introduction 36 
The scope of the anthropogenic disturbance of the nitrogen (N) cycle is conspicuous. 37 
Nitrate (NO3-) pollution is a current concern, as it has been related to ecological and 38 
human health disorders (Vitousek et al., 1997; Ward et al., 2005), and its presence in 39 
the groundwater is still increasingly large in many countries. The main sources of 40 
groundwater NO3- are linked to intensive use of synthetic and organic fertilizers and 41 
septic system leakage (Vitòria et al., 2008; Wassenaar, 1995). Some of the European 42 
directives that have arisen to mitigate the NO3- pollution (e.g., (2000/60/EC; 43 
2006/118/EC; 91/676/EEC)) have focused on reducing the N inputs into the soil. 44 
However, due to the long residence time of N in the soil organic matter pool, the outcome 45 
of the agricultural management practices influencing the NO3- loading to the hydrosphere 46 
may be delayed for more than three decades (Sebilo et al., 2013). Therefore, water 47 
treatment is required to avoid the NO3- contamination impacts.  48 
Denitrification has been shown to occur intrinsically throughout many environments, 49 
including aquifers, due to the ubiquity of the denitrifying microorganisms (Kraft et al., 50 
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2011; Philippot et al., 2007; Richardson and Watmough, 1999). While oxidizing an 51 
electron donor, these microorganisms are able to reduce NO3- (electron acceptor) to 52 
gaseous N2 through a series of enzyme-mediated reactions: NO3- → NO2- → NO → N2O 53 
→ N2 (Knowles, 1982). The mandatory conditions, such as electron acceptor availability 54 
and low oxygen concentration, are commonly encountered in the contaminated aquifers, 55 
but the electron donor presence is usually a limiting factor (Rivett et al., 2008). Hence, 56 
one of the feasible treatments for NO3- removal involves inducing in-situ heterotrophic 57 
denitrification by supplying an organic carbon (C) source as an external electron donor. 58 
The specific organic C compound employed and its supply strategy plays a critical role 59 
in the resulting execution efficiency. Among other parameters, this compound influences 60 
the NO3- reduction rates and the by-product accumulation (Hallin and Pell, 1998; Wilderer 61 
et al., 1987), which is undesirable, given that intermediates, such as nitrite (NO2-) or 62 
nitrous oxide (N2O), could be even more harmful than NO3- itself (Badr and Probert, 1993; 63 
De Beer et al., 1997; Rivett et al., 2008). Therefore, the remediation approach must avoid 64 
pollution swapping to ensure the safety of the treatment. Several strategies to induce the 65 
heterotrophic denitrification have already been implemented at the field-scale (e.g., by 66 
ethanol or formate injection (Borden et al., 2012; Smith et al., 2001)). Over the treatment 67 
period, it is crucial to control the induced NO3- reduction efficiency.   68 
Chemical and isotopic characterization has been applied to calculate the efficiency of 69 
the field-scale bioremediation strategies (Vidal-Gavilan et al., 2013), as well as to trace 70 
the natural NO3- transformation processes (Aravena and Robertson, 1998; Otero et al., 71 
2009). In the course of denitrification, the unreacted residual NO3- becomes enriched in 72 
the heavy isotopes 15N and 18O (Aravena and Robertson, 1998; Böttcher et al., 1990; 73 
Mariotti et al., 1981), distinguishing the biological attenuation from other processes, such 74 
as dilution due to non-polluted water inputs (e.g., from rainfall), that could also lead to a 75 
concentration decrease without influencing the isotopic signature. The isotopic 76 
fractionation of N and O from dissolved NO3- (ε15NNO3/N2 and ε18ONO3/N2) determined at 77 
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laboratory-scale, in denitrification experiments performed under controlled conditions, 78 
can be later applied at field-scale to estimate the NO3- attenuation significance during 79 
the intrinsic or induced denitrification (Böttcher et al., 1990; Mariotti et al., 1988). The 80 
isotopic characterization can also be used to determine the existence of undesired 81 
concurring processes, such as sulfate (SO42-) reduction. Similarly to the case of NO3-, 82 
the isotopic composition of S and O from dissolved SO42- allows to identify the occurrence 83 
of bacterial SO42- reduction (BSR) by oxidation of an organic C electron donor, that could 84 
occur simultaneously to denitrification (Laverman et al., 2012; Strebel et al., 1990).  85 
During the last decade, more than 50 % of the wells monitored by the Catalan Water 86 
Agency in the Maresme area (north-east Spain) presented NO3- concentrations above 87 
50 mg/L (ACA, 2018), the threshold value set by the directive 98/83/EC. Despite the 88 
Maresme was designated a nitrogen vulnerable zone in 1998 and good agricultural 89 
practices were implemented, NO3- is still exceeding 200 mg/L in a number of wells 90 
(DECRET 136/2009; DECRET 283/1998). In the framework of the Life+ InSiTrate 91 
project, a pilot-plant was set up in Sant Andreu de Llavaneres (Maresme) to produce 92 
safe drinking water from NO3--polluted groundwater by inducing in-situ denitrification. 93 
The present study aims to test the usefulness of the isotopic tools to determine the 94 
denitrification efficiency during a long-term induced attenuation strategy at the pilot-plant. 95 
An intrinsic prior goal is to determine the ε15NNO3/N2 and ε18ONO3/N2 values at laboratory-96 
scale by using the selected electron donor, as well as the sediment and groundwater 97 
from the polluted alluvial aquifer. Afterwards, the suitability of using ε values calculated 98 
from the laboratory-scale assays to evaluate the field-scale denitrification treatment 99 
efficiency will be discussed. 100 
2. Pilot-plant description 101 
The project site is located 10 m nearby the San Andreu de Llavaneres Creek. The pilot 102 
plant is placed in an alluvial aquifer, formed by Quaternary (Holocene) coarse sand and 103 
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silt sediments overlying an altered Paleozoic granite formation located at 40 m depth 104 
(IGC, 2011). Before the biostimulation, the area was characterized by means of pumping 105 
and tracing assays. The obtained permeability was between 70 and 100 m/d, 106 
transmissivity was between 800 and 1000 m2/d and the average porosity was 0.5. The 107 
average aquifer temperature was 20.3 ºC (SD = 1.4). Prior to the treatment, the aquifer 108 
showed aerobic conditions and natural NO3- attenuation was not observed, discarding 109 
the availability of electron donors in the aquifer that could promote denitrification 110 
intrinsically. The pilot-plant consisted of two electron donor injection wells (I1 and I2), 111 
one treated water extraction well (EW) at an approximate distance of 30 m from the two 112 
injection wells, three monitoring piezometers (PZ1, PZ2 and PZ3) between the injection 113 
and the extraction wells, and one monitoring well (MW) downstream, located out of the 114 
area affected by the biostimulation (Figure 1).  115 
The in-situ heterotrophic denitrification stimulation was performed by adding acetic acid 116 
(CH3COOH) as an external electron donor. A variety of organic C compounds have been 117 
tested at the laboratory-scale to identify suitable electron donor sources (Carrey et al., 118 
2018; Grau-Martínez et al., 2017; Peng et al., 2007). The CH3COOH was selected by 119 
considering the technical (previous column experiments), environmental (life cycle 120 
assessment) and economic criteria (cost assessment) in the InSiTrate project. The 121 
addition of this compound through the injection wells was performed by pulses to avoid 122 
a high biomass accumulation that could lead to clogging issues, rather than a continuous 123 
supply (Khan and Spalding, 2004). The total biostimulation period was 22 months.  124 
3. Methods 125 
3.1. Laboratory experiments 126 
The laboratory batch experiments simulated the aquifer conditions by using sediment 127 
and groundwater from the pilot-plant site. The groundwater was obtained from the MW 128 
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and stored at 4 ºC, whereas the sediment was obtained from the piezometer cores and 129 
stored frozen until use. 130 
A total of 13 microcosms were settled by using 250 mL sealed glass flasks. The 131 
biostimulated microcosms (B1 to B10) were performed by adding CH3COOH to the 132 
groundwater and sediment. Three types of control experiments were also performed. An 133 
untreated control (C1), to discard the intrinsic denitrification activity of the aquifer, 134 
contained groundwater and sediment from the study site with no CH3COOH addition. 135 
Control C2, designed to discard the NO3- lixiviation from the sediment, contained MilliQ 136 
water and sediment with no CH3COOH addition. Control C3 contained groundwater and 137 
CH3COOH with no sediment, and was used to assess by comparison the contribution of 138 
the sediment on denitrification with respect to the groundwater. To attain the microbial 139 
stimulation, the CH3COOH was injected at a 6.3 C/N ratio (w/w) according to previous 140 
laboratory experiments (data not shown) and results reported by other authors 141 
(Elefsiniotis and Li, 2006; Her and Huang, 1995). Also because this amount is 142 
representative of the CH3COOH expected at the pilot-plant. However, the C/N ratio might 143 
not be totally homogeneous at field-scale due to dilution within the aquifer. Both at 144 
laboratory and field-scale, the total C employed for the overall NO3- removal process 145 
might be higher than expected from the stoichiometric C/N ratio (e.g., Equation 1 146 
proposed by Elefsiniotis and Li, 2006), as the CH3COOH is also required for the water 147 
deoxygenation by heterotrophic bacteria before using NO3- as the electron acceptor. A 148 





















HCO3-  150 
 Equation 1 151 
The head-space was purged with Ar after filling and sealing the flasks with GL45 caps 152 
holding silicone rubber PTFE-protected septa. All of the microcosms were maintained at 153 
20 oC in the darkness and with constant vibratory shaking throughout the experiment. 154 
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The biostimulated microcosms were sacrificed by turns at time intervals depending on 155 
the denitrification dynamics until a complete NO3- and NO2- removal was achieved. The 156 
samples from C3 were regularly obtained using a 1 mL syringe with a 25 G needle (BD). 157 
The control microcosms were sacrificed at the end of the experiment. 158 
3.2. Field survey 159 
A total of forty-four samples were collected from five points in the pilot-plant (EW, PZ1, 160 
PZ2, PZ3 and MW) in ten sampling campaigns, 9 performed during the twenty-two 161 
months of the pilot-plant operation, and one performed two months after the end of 162 
injections. The sampling intervals were established according to the pilot-plant operation 163 
dynamics.  In two of the sampling campaigns, two different depths (top and bottom) were 164 
sampled for PZ1 and PZ2 to check differences in the treatment along the water column. 165 
The monitoring wells and piezometers were purged prior to the sample collection by 166 
removing three well volumes.  167 
3.3. Analyses 168 
Both the field survey and laboratory assays samples were filtered (0.2 µm Millipore®) 169 
immediately when obtained and stored at 4 oC until analysis, except for aliquots for the 170 
isotopic characterization of N and O from NO3- that were preserved frozen at -20 oC.  171 
The determined chemical parameters were major anions (NO2-, NO3- and SO42-), 172 
analyzed by high-performance liquid chromatography (HPLC) (WATERS 515 pump and 173 
WATERS IC-PAK ANIONS column with WATERS 432 and UV/V KONTRON detectors) 174 
and ammonium (NH4+), analyzed by spectrophotometry (CARY 1E UV-visible) using the 175 
indophenol blue method (Bolleter et al., 1961).  176 
The analyzed isotopes were N and O of the dissolved NO3- (δ15N-NO3- and δ18O-NO3-), 177 
and S and O of the dissolved SO42- (δ34S-SO42- and δ18O-SO42-). The stable isotopes are 178 
expressed using delta notation (δ = ((Rsample-Rstandard)/Rstandard), where R is the ratio 179 
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between the heavy and the light isotopes). The considered international standards were: 180 
Atmospheric N2 (AIR) for δ15N, Vienna Standard Mean Oceanic Water (V-SMOW) for 181 
δ18O and Vienna Canyon Diablo Troillite (V-CDT) for δ34S. The δ15N-NO3- and δ18O-NO3- 182 
composition was determined following the cadmium reduction method (McIlvin and 183 
Altabet, 2005; Ryabenko et al., 2009). Next, the N2O was analyzed by using a Pre-Con 184 
(Thermo Scientific) coupled to a Finnigan MAT 253 Isotope Ratio Mass Spectrometer 185 
(IRMS, Thermo Scientific). For the SO42- isotopic analysis, the dissolved SO42- was 186 
precipitated as BaSO4 (Dogramaci et al., 2001). The δ34S-SO42- was analyzed with a 187 
Carlo Erba Elemental Analyzer (EA) coupled in a continuous flow to a Finnigan Delta XP 188 
Plus IRMS, whereas the δ18O-SO42- was analyzed with a ThermoQuest high-temperature 189 
conversion analyzer (TC/EA) coupled in a continuous flow with a Finnigan Matt Delta XP 190 
Plus IRMS. According to Coplen (2011), several international and laboratory (CCiT) 191 
standards were interspersed among samples for the normalization of the isotopic results. 192 
For the δ15N-NO3- and δ18O-NO3- analysis the employed standards were USGS-32, 193 
USGS-34, USGS-35 and CCiT-IWS (δ15N = +16.9 ‰, δ18O = +28.5 ‰); for the δ34S-194 
SO42- analyses, NBS-127, IAEA-SO-5, IAEA-SO-6, and CCiT-YCEM (δ34S = +12.8 ‰); 195 
and for the δ18O-SO42- analysis, NBS-127, CCiT-YCEM (δ18O = +17.6 ‰) and CCIT-196 
ACID (δ18O = +13.2 ‰). The reproducibility (1σ) of the samples, calculated from the 197 
standards systematically interspersed in the analytical batches, was ±1.0 ‰ for δ15N-198 
NO3-, ±1.5 ‰ for δ18O-NO3-, ±0.2 ‰ for δ34S-SO42- and ±0.5 ‰ for δ18O-SO42-.  199 
The chemical and isotopic analyses were prepared in the MAiMA-UB research group 200 
laboratory and performed at the Centres Científics i Tecnològics of the Universitat de 201 
Barcelona (CCiT-UB). 202 
3.4. Isotope data calculations 203 
In the batch experiments, the isotopic fractionation was calculated by means of the 204 
Rayleigh distillation Equation 2. Thus, the ε15NNO3/N2 and ε18ONO3/N2 were obtained from 205 
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the slope of the linear correlation between the natural logarithm of the substrate 206 
remaining fraction (Ln(Cresidual/Cinitial), where C refers to the analyte concentration) and 207 




)  = 𝜀 × Ln (
Cresidual
Cinitial
)     Equation 2 209 
The percentage of NO3- attenuation caused by denitrification at field-scale was estimated 210 
by using these ε15NNO3/N2 and ε18ONO3/N2 calculated under closed system conditions and 211 
Equation 3, which is derived from the Rayleigh fractionation model (Equation 2). The 212 
quantification of pollutants degradation by using Rayleigh derived equations has been 213 
applied elsewhere (Meckenstock et al., 2004; Otero et al., 2009; Schmidt et al., 2004; 214 
Vidal-Gavilan et al., 2013). 215 
DEN % = [1 - (
Cresidual
Cinitial








]  × 100  Equation 3 216 
4. Results and discussion 217 
4.1. Laboratory-scale experiments 218 
4.1.1. NO3
- reduction by CH3COOH 219 
The NO3- and NO2- lixiviation from the sediment was discarded, since the concentration 220 
of both compounds was below the detection limit in the C2 microcosm (Milli-Q water + 221 
sediment) after 102 hours of incubation. The C1 microcosm (groundwater + sediment) 222 
showed no depletion of the initial NO3- concentration, thereby ruling out intrinsic 223 
denitrification activity from the aquifer groundwater or sediment in the microcosms due 224 
to the presence of trace electron donors. Thus, the observed NO3- reduction in the 225 
biostimulated microcosms (B1-B10) was considered to be caused by the CH3COOH 226 
injection (Figure 2). All data obtained from the laboratory-scale experiments is presented 227 
in the Supporting Information Table S1.  228 
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The bacterial NO3- reduction in the biostimulated experiments (B1-B10) was initiated 229 
between 32 and 47 hours after the electron donor injection. The initial lag period was the 230 
acclimation time for the establishment of a heterotrophic bacterial community after 231 
unfreezing the sediment and merging it with the groundwater. Also, all of the oxygen 232 
present in the groundwater had to be consumed before using NO3- as the electron 233 
acceptor. The concentration analysis showed that after the onset, NO3- reduction 234 
proceeded rapidly until NO3- was completely consumed 70 hours after biostimulation, 235 
yielding an average NO3- removal rate of 0.30 mmol/(dm3·day) (calculated for the total 236 
length of the experiment including the acclimation period). As the NO3- concentration 237 
started to decrease, NO2- progressively accumulated, reaching a 0.26 mM maximum 238 
peak, which is 30 % of the initial N-NO3- concentration, approximately 50 hours after the 239 
injection. The transient NO2- accumulation has been widely reported to occur during the 240 
laboratory (Calderer et al., 2010; Carrey et al., 2013; Her and Huang, 1995) and field-241 
scale (Critchley et al., 2014; Gierczak et al., 2007; Vidal-Gavilan et al., 2013) 242 
denitrification studies. The NO2- usually accumulates until the bacterial communities 243 
adapt to the new redox conditions caused by the electron donor addition. One of the 244 
reasons is an earlier induction of the NO3- reductases with respect to the NO2- reductases  245 
(Zumft, 1997 and references therein). After 50 hours, the NO2- progressively decreased 246 
and was completely consumed when the NO3- removal was also accomplished. The NO3- 247 
reduction and NO2- accumulation observed can also be produced by dissimilatory NO3- 248 
reduction to NH4+ (DNRA). However, the NH4+ detected in the microcosms was low (up 249 
to 0.04 mM). Therefore, DNRA did not contribute significantly to the NO3- concentration 250 
decrease in the microcosms, pointing out denitrification as the main reaction.  251 
In the biostimulated microcosm lacking sediment (C3), a complete NO3- reduction was 252 
also achieved, but the NO2- accumulation increased significantly. A 0.76 mM NO2- peak, 253 
which is 86 % of the initial N-NO3-, was reached after 84 hours and decreased rapidly 254 
until depletion was complete (Figure 2). After 95 hours, the NO3- and NO2- levels were 255 
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below the detection limit. The average NO3- removal rate was 0.22 mmol/(dm3·day), 256 
which is lower than the obtained from the biostimulated microcosms containing sediment. 257 
Although the groundwater alone provided the needed conditions to achieve a complete 258 
denitrification in the CH3COOH amended microcosms, the sediment increased 259 
significantly the attenuation efficiency. The lowered NO3- removal rate and the increased 260 
magnitude of the NO2- peak in the microcosms lacking sediment might be attributed to a 261 
diminished initial bacterial content that might result in lower and/or different bacterial 262 
species growth stimulation. Other reasons could include a buffering effect promoted by 263 
the sediment or the influence of the sediment surface upon reactivity. 264 
4.1.2. Isotopic fractionation calculation 265 
While being progressively reduced, the isotopic composition of the residual NO3- in the 266 
biostimulated microcosms became higher in both 15N and 18O. The initial groundwater 267 
values for δ15N-NO3- and δ18O-NO3- of +5.1 ‰ and +3.6 ‰, respectively, increased over 268 
the experimental period to +29.9 ‰ and +30.8 ‰, respectively. The calculated ε values, 269 
were -12.6 ‰ (r2 = 0.99) for ε15NNO3/N2 and -13.3 ‰ (r2 = 0.96) for ε18ONO3/N2, resulting in 270 
a ε15N/ε18O of 0.95 (Figure 3). These values fall within the reported range for the 271 
heterotrophic denitrification (from -5.4 ‰ to -26.6 ‰ for ε15NNO3/N2, from -4.8 ‰ to -23.7 272 
‰ for ε18ONO3/N2, and from 0.6 to 1.0 for ε15N/ε18O (Granger et al., 2008; Wunderlich et 273 
al., 2012)).  274 
Carrey et al., (2013); Torrentó et al., (2011) and Vidal-Gavilan et al., (2013) applied the 275 
ε15NNO3/N2 and ε18ONO3/N2 values obtained from laboratory batch experiments, using either 276 
intrinsic or added electron donors, to quantify the extent of natural or induced 277 
groundwater denitrification. By using the laboratory derived ε values to estimate the 278 
induced NO3- reduction, interferences from processes other than denitrification that could 279 
also lead to a concentration decrease (e.g., dilution due to water discharges from rainfall) 280 
are avoided. For the pilot-plant study, we considered it appropriate to apply the ε15NNO3/N2 281 
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and ε18ONO3/N2 calculated from the laboratory experiments because groundwater and 282 
sediment from the aquifer were used and consequently, a similar electron acceptor 283 
availability and stimulated bacterial community with respect to the field was expected.  284 
4.2. Field survey 285 
4.2.1. Isotopic dynamic in the pilot-plant  286 
The sampling campaigns began one month after the CH3COOH injections started and 287 
continued for two years, with the last survey being performed two months after stopping 288 
the injections. All data obtained from the pilot-plant are presented in the Supporting 289 
Information Table S2.  The unaffected MW (n = 6) presented average values of 0.9 mM 290 
(SD = 0.04) for NO3- concentration, +6.3 ‰ (SD = 1.3) for δ15N-NO3- and +4.2 ‰ (SD = 291 
0.9) for δ18O-NO3-, which were considered to be the groundwater NO3- background 292 
composition. The isotopic values of the MW fall in the soil NO3- area (Figure 4) reported 293 
by Vitòria et al. (2004) and references therein. However, the high NO3- concentration 294 
suggested an anthropogenic origin. In a previous study located in a nearby area with 295 
intensive application of chemical fertilizers, Vitòria et al. (2005) demonstrated that the 296 
combined occurrence of volatilization and nitrification resulted in groundwater NO3- with 297 
δ15N-NO3- and δ18O-NO3- in the range of soil NO3-. Therefore, the isotopic values of the 298 
MW suggested that the NO3- pollution in the studied aquifer was derived from N inorganic 299 
fertilizer that had been volatilized and nitrified (Figure 4).  300 
Following the electron donor addition, the three monitoring piezometers showed a 301 
marked NO3- decrease. PZ1 and PZ2 reached NO3- concentrations below 0.3 mM from 302 
the 10th operation month and until the last injection. PZ3 also showed a decreasing trend 303 
but with a NO3- concentration higher than PZ1 and PZ2 and a temporal trend showing 304 
fluctuations (Figure 5). Contrarily, a flat trend in the NO3- evolution was observed at the 305 
EW (Figure 5), showing concentrations between 13 % and 33 % lower than the MW. In 306 
the two-depth sampling at PZ1 in the 17th month, no significant NO3- concentration 307 
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differences were observed between the bottom and the top samples, and in both cases, 308 
NO3- was almost completely denitrified. However, at PZ2 in the 19th month, the bottom 309 
sample showed a doubled NO3- concentration compared to the top sample. In all the 310 
samples NO2- was below 0.02 mM (Supporting Information Figure S1) and NH4+ was 311 
below 0.01 mM. Therefore, pollution swapping due to accumulation of these compounds 312 
was discarded in the pilot-plant.  313 
In response to the NO3- attenuation in the piezometers, the δ15N-NO3- and δ18O-NO3- 314 
increased. The temporal dynamics of the NO3- isotopic composition in the pilot-plant is 315 
shown in the Supporting Information Figure S2. The highest values were measured at 316 
PZ1, showing a δ15N-NO3- and δ18O-NO3- of +22.1 ‰ and +14.7 ‰, respectively (Figure 317 
4). Note that four samples were below the limit of concentration necessary for the isotopic 318 
analysis (0.05 mM), and could have even shown higher isotopic values. The δ15N-NO3- 319 
and δ18O-NO3- in the EW samples were close to the MW average values (Figure 4). Two 320 
months after the end of the treatment, the EW and PZ3 recovered to NO3- background 321 
concentrations and isotopic values, but PZ1 and PZ2 still showed evidence of 322 
denitrification (Figure 5).  323 
When NO3- is completely removed from the environment, the excess organic C can 324 
trigger BSR, provoking a decrease in the treated water quality due to the production of 325 
H2S. However, the coexistence of denitrification and BSR in the presence of an electron 326 
donor has also been demonstrated. Laverman et al., (2012) observed that the ratio 327 
between the BSR rate and the denitrification rate tends to increase at high organic matter 328 
concentrations. As in the studied pilot-plant, organic matter was available, BSR could 329 
occur simultaneously to denitrification. The isotopic results from a subset of the pilot-330 
plant samples showed a 0.4 (r2 = 0.93) slope from the regression line between δ18O-331 
SO42- and δ34S-SO42- (Figure 6), which is in the range of the slopes from 0.25 to 0.7 332 
reported in the literature for BSR (Aharon and Fu, 2000). However, the samples with the 333 
lowest SO42- concentration (~ 1 mM) were not the most enriched in δ18O-SO42- and δ34S-334 
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SO42- and vice versa (maximum measured SO42- was ~ 5 mM). Since there was surplus 335 
NO3- in the groundwater and due to the lack of correlation between the SO42- chemical 336 
and isotopic data, BSR did not likely play a significant role at the pilot-plant. In the same 337 
context of water quality, the presence of remaining CH3COOH at a harmful level for 338 
consumption was also discarded due to the excess of electron acceptors such as NO3- 339 
or SO42- in groundwater since denitrification was never completed at the EW.  340 
4.2.2. Isotopic fractionation from the laboratory to field-scale 341 
A subset of the campaigns considered to be representative of the treatment efficiency 342 
evaluation are discussed. As previously stated, the average NO3- concentration, δ15N-343 
NO3- and δ18O-NO3- of the MW were used as the initial composition, since the MW was 344 
considered to be unaffected by the treatment. During the initial operation (1st month), the 345 
NO3- isotopic composition did not show a relevant δ15N or δ18O enrichment, indicating 346 
that the denitrification was not significant (Figure 7A). After seven operation months, 347 
and until the end of the monitoring period, a clear δ15N-NO3- and δ18O-NO3- enrichment 348 
evidenced the biological NO3- reduction at the pilot-plant. The degree of reduction 349 
depended on the specific point and sampling campaign. According to the concentration 350 
measured, more than 95 % NO3- was reduced at PZ1 in the 14th, 17th and 19th months, 351 
and at PZ2 in the 17th month. However, those samples could not be isotopically analyzed, 352 
since the NO3- concentration was below the detection limit (0.05 mM). The isotopic 353 
composition of the remnant samples determined that the denitrification at the pilot-plant 354 
piezometers reached a significance of approximately 50 % (e.g., 19th month (Figure 355 
7D)). Even two months after stopping the biostimulation (month 24th), more than a 50 % 356 
of the groundwater NO3- was still denitrified at PZ1 (Figure 7E).  357 
For each of the pilot-plant samples, the denitrification % calculated by using the isotopic 358 
data was compared to the % calculated by using the NO3- concentration (Supporting 359 
Information Table S2). For most of the pilot-plant samples (e.g., 2nd, 11th, 12th and 24th 360 
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month campaigns), the calculated % from the chemical data was higher than the % 361 
obtained from the isotopic data, as expected from the influence of dilution due to non-362 
polluted water inputs from rainfall (Supporting information Figure S3). Four of the 363 
samples showed highly similar % values (<5 % difference), suggesting that in these 364 
cases dilution did not occur. Contrarily, in five samples, the % calculated from the NO3- 365 
concentration was lower compared to the % from the isotopic data. This variation might 366 
be produced by different reasons, depending on the characteristics of the samples 367 
involved. For PZ1 and PZ3 from the 1st month campaign, the denitrification had not still 368 
begun, and the lower % could be derived from the intrinsic aquifer variability due to the 369 
use of an average value for the MW to draw the DEN % line instead of the specific MW 370 
value for each of the sampling campaigns. For PZ1 and PZ3 from the 7th month campaign 371 
and PZ3 from the 19th month campaign, the reason could be a mixing effect between 372 
treated and non-treated groundwater.  373 
Chemical and isotopic data of the EW evidenced a mixing between treated and non-374 
treated groundwater. In the 7th month campaign, a slight isotopic enrichment and NO3- 375 
concentration decrease was observed at the EW with respect to the MW, being indicative 376 
of the denitrification occurrence (Figure 7B). However, from the 7th month onward, 377 
despite the lower NO3- concentration at the EW with respect to the MW, the isotopic data 378 
did not show significant differences (e.g., 12th or 19th month) (Figure 7C and 7D). The 379 
reason is that the groundwater extracted at the EW was a mix of denitrified groundwater 380 
from PZ1 and PZ2 located upstream and untreated water from the MW located 381 
downstream, due to a depression cone at EW forced by the water extraction (Figure 1). 382 
To determine the contribution to EW, a theoretical mixing between 30 % of PZ2 and 70 383 
% of MW was estimated using chemical and isotopic data, and was compared with the 384 
measured values (Table 2). Measured results are fairly in agreement with the estimated 385 
ones throughout the monitoring period. This mixing between treated and non-treated 386 
groundwater was also observed along the water column. During the two-depth sampling 387 
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at PZ2 (19th month), no significant isotopic composition differences were observed, 388 
although the measured NO3- concentrations were 0.2 and 0.1 mM in the bottom and top 389 
samples, respectively (Figure 7D). In these two samples, the denitrification % obtained 390 
with the isotopic data (~50 %) might also result from mixing between the partially and 391 
non-denitrified groundwater. Therefore, the attenuation in the water column might be 392 
heterogeneous with reactive microsites where NO3- can be completely removed. In the 393 
same campaign (19th month), PZ3 showed a similar isotopic composition to the two 394 
samples from PZ2, but presented a remarkably higher NO3- concentration, reinforcing 395 
the idea of the groundwater mixing between the partially and non-denitrified 396 
groundwater. In PZ3, the denitrified water had a lesser contribution compared to PZ2. 397 
Due to the effect produced by this mixing, the obtained field-scale denitrification % from 398 
the laboratory determined ε15NNO3/N2 and ε18ONO3/N2 must be considered an estimation, 399 
and not a precise calculation.  400 
4.2.3. NO2
- reoxidation evidence from the isotopic results 401 
The determined slope between δ18O-NO3- and δ15N-NO3- from the field samples (0.7 (r2 402 
= 0.95)) and the slope from the batch experiments (1.1 (r2 = 0.99)) agree with the already 403 
reported slopes of nearly 0.5 for groundwater denitrification studies at field-scale (Chen 404 
and MacQuarrie, 2005; Critchley et al., 2014; Otero et al., 2009), and nearly 1.0 for 405 
laboratory studies (Carrey et al., 2013; Grau-Martínez et al., 2017; Wunderlich et al., 406 
2012). However, the slopes around 0.5 have also been found in pure culture laboratory 407 
experiments. The lower ε18ONO3/N2 compared to ε15NNO3/N2 can be caused by the use of 408 
the periplasmic NO3- reductase (NAP) instead of the membrane bound NO3- reductase 409 
(NAR) (Granger et al., 2008), or by the oxidation of the intermediates NO2- and NH4+ to 410 
NO3- (Granger and Wankel, 2016; Wunderlich et al., 2013). It is widely assumed that 411 
NAP has an insignificant role in the aquifer environments where anaerobic conditions 412 
are prevalent, and because it does not involve a metabolic energy generation process 413 
(Moreno-Vivián et al., 1999). The denitrification and the DNRA coupled to the anaerobic 414 
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ammonium oxidation (anammox) can occur concomitantly in freshwater environments 415 
(Castro-Barros et al., 2017; Jones et al., 2017). However, the DNRA in the pilot-plant 416 
was rather unimportant since NO3- did not achieve complete reduction. The DNRA is 417 
favored at high C/N ratios, when NO3- is limited instead of the electron donor (Giles et 418 
al., 2012; Jones et al., 2017; Kelso et al., 1997). Therefore, the lower slope observed at 419 
the field-scale is likely related to the NO2- reoxidation which is consistent with the 420 
possibility of oxygen diffusion in groundwater compared to the laboratory microcosms.  421 
The δ18O of some dissolved oxygenated compounds, such as NO2-, can be equilibrated 422 
with the δ18O-H2O (Granger and Wankel, 2016; Kool et al., 2007). If the intermediate 423 
NO2- reoxidates to NO3-, the resulting δ18O-NO3- will be dependent on the δ18O of the 424 
NO3- source, the δ18O of the groundwater, the kinetic isotopic effects produced during 425 
the denitrification and during the water atom incorporation by the oxidoreductase 426 
throughout the NO2- oxidation. Considering a δ18O-H2O ranging from -7 to -4 ‰ in the 427 
studied area and the δ18O-NO3- average composition of the samples obtained from the 428 
unaffected MW being +4.2 ‰ (SD = 0.9), a decreased ε18ONO3/N2 is expected in the pilot-429 
plant if the intermediate NO2- reoxidates to NO3-.  430 
Several samples from the field site showed lower δ18O-NO3- values than expected, 431 
considering the denitrification slope calculated using the microcosm experiments (e.g., 432 
7th, 12th and 19th month) (Figure 7B, 7C and 7D). This finding can be explained as the 433 
result of the NO2- reoxidation to NO3- throughout the remediation treatment. The low or 434 
null NO2- detection throughout the pilot-plant operation (Supporting Information, Figure 435 
S2) seemed consistent with the NO2- reoxidation, which is positive from a groundwater 436 
quality perspective. The shift in the slope throughout the induced denitrification treatment 437 
can provide information regarding the relevance of the NO2- reoxidation process at the 438 
field-scale. The δ15N-NO3- and δ18O-NO3- values close to the theoretical DEN % line 439 
might point to a direct NO2- reduction to gaseous N products, while lower δ18O-NO3- 440 
values might point to the NO2- reoxidation. By checking each of the sampling campaigns 441 
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separately, slopes near 0.5 were generally observed during the initial biostimulation (e.g., 442 
7th month, 0.5 slope (r2 = 0.8)) (Figure 7B), which became closer to 1.0 throughout the 443 
pilot-plant operation (e.g., 19th month, 0.8 slope (r2 = 1.0)) (Figure 7D). At the last 444 
sampling campaign, corresponding to the recovery period after stopping the CH3COOH 445 
injections, the slope was again closer to 0.5 (24th month, 0.6 slope (r2 = 1.0)) (Figure 446 
7E).  447 
An unsolved question is the effect of the biotic and abiotic NO2- oxidation to NO3- upon 448 
δ15N-NO3- throughout denitrification in groundwater. It is expected that the possible effect 449 
upon δ15N-NO3- would be lower than the observed for δ18O-NO3- during the abiotic NO2- 450 
oxidation, enabling the δ18O-NO3- versus δ15N-NO3- slope to decrease. For the biotic NO2- 451 
oxidation, an inverse isotopic fractionation for the δ15N (and also for the δ18O) was 452 
observed during the NO2- oxidation to NO3- mediated by the marine species Nitrococcus 453 
mobilis (Buchwald and Casciotti, 2010; Casciotti, 2009). Consequently, when the NO2- 454 
reoxidation is observed during the in-situ groundwater remediation strategies, the 455 
denitrification significance might be biased if estimated by using the laboratory isotopic 456 
fractionation data. 457 
5. Conclusions 458 
After the implementation of an in-situ groundwater remediation strategy by CH3COOH 459 
injections (InSiTrate project), the induced denitrifying activity reached NO3- 460 
concentrations below the threshold for water consumption. The ε15NNO3/N2 and ε18ONO3/N2 461 
values obtained from the microcosm experiments allowed assessing the denitrification 462 
efficacy at the pilot-plant while avoiding the interference derived from dilution due to non-463 
polluted water inputs. At the pilot-plant, more than a 50 % of the background NO3- was 464 
reduced due to the induced heterotrophic denitrification. The isotopic results allowed to 465 
detect a mixture between the denitrified and non-denitrified groundwater at the EW. 466 
However, a limitation of the application of the isotopes to evaluate the treatment efficacy 467 
19 
 
is that the denitrification significance could be underestimated due to the effect provoked 468 
by the mixing of non-denitrified groundwater with partially denitrified groundwater. The 469 
lower slope between δ18O-NO3- and δ15N-NO3- observed in the field (0.7) compared to 470 
the laboratory (1.1) was attributed to the NO2- reoxidation to NO3-. However, the effect of 471 
the NO2- reoxidation upon δ15N-NO3- is still unclear, and it is unknown in which measure 472 
the δ18O-NO3- values resulting from the NO2- reoxidation can be firmly extrapolated to 473 
the calculated DEN % line. In summary, the δ15N-NO3- and δ18O-NO3- analysis provides 474 
a valuable tool to assess the induced denitrification strategies at the field-scale by means 475 
of the laboratory calculated ε15NNO3/N2 and ε18ONO3/N2. However, attention must be focused 476 
on the hydrogeological and biochemical effects that could influence the results and thus 477 
the remediation strategies evaluation.  478 
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 712 
FIGURE CAPTIONS 713 
Figure 1. Pilot-plant scheme. Location, schematic map and cross-section of the pilot-714 
plant. I1 and I2 are the injection wells; PZ1, PZ2 and PZ3 the monitoring piezometers; 715 
EW the extraction well and MW the monitoring well. I2 is projected on the cross-section. 716 
29 
 
Arrows depict the flow direction when the EW is operating. Natural flow direction is from 717 
I1 to MW.  718 
Figure 2. NO3- and NO2- evolution in the microcosms. NO3- (A) and NO2- (B) 719 
concentration in the biostimulated and control microcosms. C1 (black cross): 720 
groundwater + sediment, C2 (black triangles): MilliQ water + sediment, C3 (grey 721 
squares): groundwater + CH3COOH, B (grey circles): groundwater + sediment + 722 
CH3COOH. 723 
Figure 3. NO3- isotopic fractionation in the microcosms. Samples from the 724 
biostimulated microcosms (black) and initial MW groundwater (empty) isotopic 725 
composition.  726 
Figure 4. δ15N vs δ18O diagram from field samples. Isotopic results from the 727 
piezometers and the EW (circles) samples and mean value of the unaffected MW 728 
(square), including standard deviation. The regression line is presented as a continuous 729 
black line (slope = 0.7 (r2 = 0.95)). The boxes (grey continuous and dashed lines) 730 
represent NO3- sources from Vitòria et al., 2004 and references therein.  731 
Figure 5. NO3- evolution in the pilot-plant. The dashed grey line corresponds to the 732 
MW mean concentration. Empty symbols for PZ1 and PZ2 correspond to bottom 733 
samples (two-depth sampling). The vertical line corresponds to the last injection date. 734 
Figure 6. Pilot-plant SO42- concentration and isotopic composition. The regression 735 
line is presented as a dashed black line (slope = 0.4 (r2 = 0.93)). The boxes, including 736 
standard deviation, represent SO42- sources from Otero et al., (2007); Vitòria et al., 737 
(2004) and references therein. 738 
Figure 7. Representative sampling campaigns from the pilot-plant. A) 1st month (1.2 739 
slope (r2 = 0.45)); B) 7th month, 0.5 slope (r2 = 0.8); C) 12th month, 0.6 slope (r2 = 0.9); D) 740 
19th month, 0.8 slope (r2 = 1.0); E) 24th month, 0.6 slope (r2 = 1.0). Regression line for 741 
30 
 
each campaign is presented as a dashed line. The DEN % line (continuous line) was 742 
calculated using the isotopic fractionation values obtained in the laboratory experiments, 743 
and the average concentration and isotopic composition of the MW as initial values. 744 
Figure S1. NO2- evolution during the pilot plant operation. NO2- concentration of the 745 
pilot plant samples. Empty symbols for PZ1 and PZ2 correspond to bottom samples (two-746 
depth sampling). The vertical line corresponds to the last injection date. 747 
Figure S2. Temporal dynamics of the NO3- isotopic composition. A) δ15N-NO3- and 748 
B) δ18O-NO3- measured in the samples collected in the pilot-plant. The dashed grey line 749 
corresponds to the MW average composition. The vertical line corresponds to the last 750 
injection date. Empty symbols for PZ2 correspond to bottom samples (two-depth 751 
sampling). 752 
Figure S3. Rainfall data. Rainfall (mm) registered each sampling campaign day (striped 753 
bar) and the previous six days (dark to light grey colour). The data was recorded by 754 
station 0252D from the Spanish national meteorological agency (AEMET, Ministry of 755 
Agriculture, Food and Environment of Spain), 756 
Table 1. Batch experiments set-up. Composition for each microcosm. 757 
Table 2. Groundwater mixing at EW. Theoretical mixing calculation between 30 % of 758 
PZ2 and 70 % of MW using chemical and isotopic data (E), compared with the measured 759 
(M) NO3- concentration and isotopic composition at the EW. Standard deviation (SD) is 760 
included. 761 
Table S1. Batch experiments results. Chemical and isotopic characterization of the 762 
samples obtained from the sacrificed microcosms. “n.d.” refers to parameters that were 763 
not determined.  764 
Table S2. Pilot-plant results. Chemical and isotopic characterization of the samples 765 
obtained from the pilot-plant. “n.d.” refers to parameters that were not determined. 766 




























































































































































































































































































































85%  (μL) 
Stimulated B1-B10 MW 150  250 20 33 
Control 1 C1 MW 150  250 20 0 
Control 2 C2 Milli-Q 150  250 20 0 
Control 3 C3 MW 300  500 0 66 
 
 NO3- (mM) δ15N-NO3- (‰) δ18O-NO3- (‰) 
Month E M SD E M SD E M SD 
1 0.78 - - 6.2  -  - 4.0 -  --  
2 0.77 0.71 0.04 5.8 8.3 1.7 4.0 6.7 1.6 
7 0.72 0.70 0.01 8.8 8.3 0.3 5.6 6.8 0.9 
10 0.71 0.67 0.03 6.9 4.9 1.4 4.3 3.3 0.8 
11 0.74 0.82 0.05 7.0 6.3 0.5 5.2 5.2 0.0 
12 0.71 0.71 0.00 8.2 5.2 2.1 5.4 4.0 1.0 
14 0.66 0.82 0.12 4.4 6.6 1.6 3.0 3.4 0.3 
17 0.67 0.63 0.03 8.8 7.1 1.2 6.3 4.1 1.6 
19 0.69 0.69 0.01 9.3 6.6 2.0 6.5 3.8 1.9 
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SD      
δ15N-NO3
- 






GW 0.0 0.89 0.01 5.0 3.6 0.3 1.4 n.d. 
B-1 47.0 0.47 0.09 12.6 10.8 0.3 0.1 0.00 
B-2 47.5 0.33 0.17 17.9 19.9 1.1 0.9 0.00 
B-3 48.5 0.29 0.17 19.2 20.7 1.1 0.3 0.03 
B-4 51.0 0.27 0.26 20.7 23.0 1.7 0.5 0.03 
B-5 53.5 0.19 0.23 26.0 24.0 n.d. n.d. 0.03 
B-6 55.0 0.18 0.16 25.1 26.7 0.3 1.4 0.01 
B-7 56.5 0.15 0.16 29.7 30.7 0.3 1.9 0.02 
B-8 57.0 0.11 0.14 n.d. n.d. n.d. n.d. 0.01 
B-9 69.0 0.03 0.03 n.d. n.d. n.d. n.d. 0.02 
B-10 70.0 0.01 0.00 n.d. n.d. n.d. n.d. 0.02 
C1 72.0 0.92 0.00 6.5 6.0 0.9 0.3 0.04 
C2 72.0 0.00 0.00 n.d. n.d. n.d. n.d. n.d. 
C3-1 32.0 0.89 0.00 n.d. n.d. n.d. n.d. n.d. 
C3-2 47.0 0.67 0.04 n.d. n.d. n.d. n.d. n.d. 
C3-3 51.0 0.67 0.03 n.d. n.d. n.d. n.d. n.d. 
C3-4 52.3 0.67 0.04 n.d. n.d. n.d. n.d. n.d. 
C3-5 55.0 0.65 0.05 n.d. n.d. n.d. n.d. n.d. 
C3-6 56.5 0.60 0.06 n.d. n.d. n.d. n.d. n.d. 
C3-7 69.5 0.27 0.19 n.d. n.d. n.d. n.d. n.d. 
C3-8 76.0 0.19 0.53 n.d. n.d. n.d. n.d. n.d. 
C3-9 80.0 0.07 0.76 n.d. n.d. n.d. n.d. n.d. 















SD    
δ15N-NO3
- 





















1.26 0.00 7.5 4.7 0.6 0.0 1.72 9.2 9.4 0.3 0 7 
PZ2 0.42 0.00 5.8 3.6 0.6 0.8 1.04 13.1 11.3 0.1 55 0 
PZ3 0.98 0.00 7.2 6.5 0.5 1.1 2.79 n.d. n.d. n.d. 0 5 
W2 0.92 0.00 6.5 4.2 0.6 1.5 2.43 13.3 11.2 0.1 0 0 
PZ1 
2 
0.88 0.00 5.9 3.8 0.1 0.5 1.40 n.d. n.d. n.d. 6 0 
PZ2 0.37 0.00 4.7 3.5 0.5 0.1 1.13 13.1 11.4 0.1 61 0 
PZ3 0.58 0.01 7.5 5.5 1.1 0.5 2.56 n.d. n.d. n.d. 38 0 
W1 0.71 0.00 8.3 6.3 0.3 0.2 2.04 14.1 11.8 0.3 24 0 
W2 0.97 0.00 8.7 5.7 0.3 0.1 2.34 13.1 11.1 0.2 0 0 
PZ1 
7 
0.95 n.d. 12.1 6.0 0.6 0.0 0.00 n.d. n.d. n.d. 0 42 
PZ2 0.19 n.d. 14.5 8.8 0.6 0.6 0.00 n.d. n.d. n.d. 79 52 
PZ3 0.88 n.d. 10.0 7.9 0.6 0.3 0.00 n.d. n.d. n.d. 6 31 
W1 0.70 n.d. 8.3 6.8 0.1 0.3 0.00 n.d. n.d. n.d. 25 22 
W2 0.96 n.d. 5.2 3.4 0.5 1.2 0.00 n.d. n.d. n.d. 0 0 
PZ1 
10 
0.12 0.00 6.0 6.5 1.1 1.2 1.58 n.d. n.d. n.d. 87 7 
PZ2 0.16 0.01 8.2 4.7 0.2 0.5 1.90 n.d. n.d. n.d. 82 22 
W1 0.67 0.00 4.9 3.2 0.3 0.1 2.41 n.d. n.d. n.d. 29 0 
W2 0.88 0.00 5.0 3.6 0.3 1.4 2.45 n.d. n.d. n.d. 0 0 
PZ1 
11 
0.20 0.02 12.7 9.7 0.4 0.1 2.80 14.1 11.4 n.d. 79 40 
PZ2 0.29 0.02 8.5 7.5 0.5 0.2 4.07 14.7 11.8 n.d. 69 16 
W1 0.82 0.00 6.3 5.2 0.3 0.1 4.24 14.1 11.5 0.1 13 0 
W2 0.93 0.00 6.3 4.6 0.1 0.2 4.12 12.0 10.5 0.1 0 0 
PZ1 
12 
0.15 0.02 12.1 8.7 0.3 0.2 0.66 n.d. n.d. n.d. 84 38 
PZ2 0.18 0.02 12.6 8.1 0.2 1.1 2.46 16.6 12.5 0.2 81 40 
PZ3 0.49 0.02 10.3 6.3 0.0 0.1 5.07 15.8 12.4 0.0 48 28 
W1 0.71 0.00 5.2 4.0 1.0 1.3 2.82 12.1 11.1 0.2 25 0 
W2 0.97 0.00 6.1 3.8 0.2 0.9 4.89 12.5 10.5 0.0 0 0 
PZ1 
14 
0.02 0.01 n.d. n.d. n.d. n.d. 2.42 n.d. n.d. n.d. 98 100 
PZ3 0.59 0.01 13.3 10.8 0.2 0.1 3.37 n.d. n.d. n.d. 37 41 




0.00 0.00 n.d. n.d. n.d. n.d. 1.12 n.d. n.d. n.d. 100 100 
PZ1 
39 
0.01 0.00 n.d. n.d. n.d. n.d. 1.15 n.d. n.d. n.d. 99 100 
PZ2 
37 
0.05 0.00 14.4 11.2 0.2 0.7 1.66 n.d. n.d. n.d. 95 44 
PZ3 0.37 0.00 18.2 14.7 0.1 0.4 2.28 n.d. n.d. n.d. 60 58 
W1 0.63 0.00 7.1 4.1 0.2 0.4 2.11 n.d. n.d. n.d. 33 0 
PZ1 
19 
0.00 0.01 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 100 100 
PZ2 
45 
0.19 0.02 16.3 11.1 0.1 0.6 n.d. n.d. n.d. n.d. 79 54 
PZ2 
38 
0.09 0.01 16.3 12.0 0.1 0.1 n.d. n.d. n.d. n.d. 90 53 
PZ3 0.64 0.06 15.8 10.6 0.1 0.1 n.d. n.d. n.d. n.d. 31 51 
W1 0.69 0.00 6.6 3.8 0.3 0.5 n.d. n.d. n.d. n.d. 26 0 
PZ1 24 0.10 0.01 22.1 14.0 0.1 0.3 n.d. n.d. n.d. n.d. 89 72 
PZ2 
45 
0.46 0.02 7.5 5.1 0.0 0.7 n.d. n.d. n.d. n.d. 51 12 
PZ3 0.97 0.00 5.0 3.7 0.2 0.7 n.d. n.d. n.d. n.d. 0 0 
W1 0.99 0.00 5.8 3.1 0.3 0.0 n.d. n.d. n.d. n.d. 0 0 
 
